Seed glucosinolate profiles (kinds and proportions of constituents) were analyzed by paper-and gas-chromatography for 89 collections of 40 species of Caulanthus and Streptanthus. Twenty-six compounds were identified; these are presumed to be biosynthesized from five different protein amino acids. Considerable interspecific variability was uncovered, with differences involving both the number of glucosinolates constituting a profile (diversity) and the nature of biosynthetic modifications affecting their production (complexity). Serpentine-adapted taxa appear to be as chemically diverse and complex as non-serpentine taxa. In general, a species possesses a characteristic chemical profile distinguishable from that of morphologically similar taxa. In six species significant intraspecific variability was detected; in S. cordatus this variability correlates with morphologically recognized infraspecific taxa. Suspected parallelism and convergence, however, reduce the taxonomic utility of glucosinolates as characters at subgeneric and generic levels in this group of Cruciferae. Caulanthus S. Wats. and Streptanthus Nutt. are two morphologically similar and presumably phylogenetically related genera of North American Cruciferae. Together they comprise about 45 species of annual to perennial herbs that usually occupy dry, open habitats from sea-level to montane elevations. Species delimitation within each of the two and their separate generic status have been matters of long-standing controversy (cf.
Seed glucosinolate profiles (kinds and proportions of constituents) were analyzed by paper-and gas-chromatography for 89 collections of 40 species of Caulanthus and Streptanthus. Twenty-six compounds were identified; these are presumed to be biosynthesized from five different protein amino acids. Considerable interspecific variability was uncovered, with differences involving both the number of glucosinolates constituting a profile (diversity) and the nature of biosynthetic modifications affecting their production (complexity). Serpentine-adapted taxa appear to be as chemically diverse and complex as non-serpentine taxa. In general, a species possesses a characteristic chemical profile distinguishable from that of morphologically similar taxa. In six species significant intraspecific variability was detected; in S. cordatus this variability correlates with morphologically recognized infraspecific taxa. Suspected parallelism and convergence, however, reduce the taxonomic utility of glucosinolates as characters at subgeneric and generic levels in this group of Cruciferae. Caulanthus S. Wats. and Streptanthus Nutt. are two morphologically similar and presumably phylogenetically related genera of North American Cruciferae. Together they comprise about 45 species of annual to perennial herbs that usually occupy dry, open habitats from sea-level to montane elevations. Species delimitation within each of the two and their separate generic status have been matters of long-standing controversy (cf. Payson 1923; Jepson 1925; Kruckeberg 1958; Munz 1959; Rollins 1971; Al-Shehbaz 1973; Rollins and Holmgren 1980) -an issue of some political as well as biological consequence because rare and endangered populations of these plants may be entitled to legal protection only if they constitute named taxa. As members of the putatively primitive tribe Thelypodieae, the two genera figure prominently in recent discussions on the phylogeny of Cruciferae, including place of origin and early diversification (Al-Shehbaz 1973; Raven 1975; Hedge 1976) . With the goals of testing current classifications of these genera and of describing new characters for anticipated revision and phylogenetic analysis, we initiated a paper-and gas-chromatographic survey of the glucosinolates (mustard oil glucosides) in seeds of these plants.
Glucosinolates are nitrogen-and sulfur-containing secondary metabolites characteristic of Capparales and a few other dicotyledonous families; they are ubiquitous and structurally diverse in the Cruciferae (Ettlinger and Kjaer 1968; Rodman 1978 Rodman , 1981 . Typically the compounds occur in all parts of the plant but are most abundant in seeds (Josefsson 1970; Tookey et al. 1980) . The taxonomic significance of glucosinolates has been critically evaluated in Thelypodium (Al-Shehbaz 1973) and Cakile (Rodman 1974 ) and, with more limited taxonomic coverage, in Arabis (Kjaer and Hansen 1958) , Brassica (Ettlinger and Thompson 1962) , Capparis (Gaind et al. 1975) , and Tropaeolum (Kjaer et al. 1978) . In addition, the compounds have been used as genetic markers in studies of plant migration (Rodman 1976) and hybridization (Rodman 1980) . While no previous work on the glucosinolates of Caulanthus or Streptanthus has been reported in the literature, we were encouraged to pursue chemotaxonomic studies of these genera by the demonstrated utility in other plant groups and by the strong theoretical impetus given the use of carefully defined chemical characters (Alston and Turner 1963) .
MATERIALS AND METHODS
Eighty-nine seed collections of 40 species of Caulanthus and Streptanthus, hereafter called the Streptanthus complex, were analyzed for their glucosinolates. The taxa and collections investigated are listed in table 1, according to a provisional synopsis developed from morphological studies and crossing experiments (Kruckeberg and T. J. Crovello, unpublished data) . Most analyses were run in late 1979 and early 1980 on samples of dry, mature seeds that had been collected in the 1960s and 70s and stored at room temperature. Eight collections were analyzed twice, once in 1971 (by Al-Shehbaz) by gas-chromatography of the volatile hydrolysis products, and again in 1979 (by Rodman) by the more comprehensive procedure described below. Four other collections analyzed in 1971 (by Al-Shehbaz) exhausted the available seed material and were not re-analyzed. These twelve collections are marked in the relevant tables. Collections 507 and 508, made in September 1980, were analyzed later that fall, using a new myrosinase preparation. Seeds occasionally were taken from only a single plant, but usually samples were a mixture of seeds gathered from several individuals in a local population or from several second-generation greenhouse progeny.
All collections (excepting the four mentioned above) were analyzed (by Rodman) by paper-chromatography (PC) and/or by gas-chromatography (GC) followed by further corroborative PC of the extract. The glucosinolates were not chromatographed directly; rather, they were extracted from defatted seeds in boiling 70% methanol and subsequently hydrolyzed with exogenous (Sinapis alba) myrosinase, in an ascorbate solution, the hydrolysis products being taken up in ethyl ether and then chromatographed. A few milligrams of sodium bicarbonate were added to the myrosinase reaction mixture to bring the pH to ca. 7. The parent glucosinolates were then identified by extrapolation from the chromatographic behavior of their corresponding hydrolysis products (see fig. 1 for chemical formulas).
For PC we used a comprehensive tripartite procedure that tests for a majority of known glucosinolate hydrolysis products: (1) for thiocyanate ion, released from p-hydroxybenzyl and indolyl glucosinolates; (2) for oxazolidinethiones, from 2-hydroxylated glucosinolates; and (3) for thioureas, formed by ethanolic-ammonia treatment of the corresponding isothiocyanates (mustard oils), which are the principal hydrolysis products released under the conditions employed in this study (Ettlinger and Thompson 1962; Rodman 1974 ). Ascending PC in five different solvent systems was used to obtain mobility data on which compound identification was based (see Rodman 1978 for a table of Rph values; use of the benzene system was discontinued because of potential carcinogenesis). Size and color intensity of spots on paper chromatograms, after spraying with Grote's reagent, provided an indication of relative amounts of hydrolysis products and, by extrapolation, of parent glucosinolates. While isothiocyanates and oxazolidinethiones are the classic products expected from myrosinase hydrolysis of glucosinolates, other compounds, e.g., nitriles or organic thiocyanates, may form instead of or in addition to these, depending upon pH, temperature, and possibly accessory plant enzymes (VanEtten and Tookey 1979; Underhill 1980) . Under the hydrolysis conditions employed here (exogenous myrosinase and ascorbate in a medium at ca. pH 7) isothiocyanates and oxazolidinethiones are the expected products (Tookey et al. 1980: 120) .
For GC samples were prepared as for PC, but hydrolysis products were taken up in small volumes of ether (7-11 ml) in order to concentrate
General reaction for the enzymatic hydrolysis of glucosinolates (I) to their corresponding isothiocyanates (II); f3-hydroxy glucosinolates give rise to 2-hydroxy isothiocyanates (ILL), which are unstable and cyclize spontaneously to oxazolidinethiones (IV). them, and then 1-3 ,u aliquots were injected onto the GC column (Rodman 1974 (Rodman , 1976 (Rodman , 1980 . A Perkin-Elmer Model 3920 gas chromatograph with hydrogen flame ionization detectors was used. It was linked with a P-E Model 56 strip chart recorder and a P-E Model 1 computing integrator, which electronically computed retention times and areas of all peaks. A 1.8 m by 3 mm i.d. stainless steel column packed with 6% DC-560 plus 2% EGSP-Z on 100/120 GasChrom Q was used, with a carrier gas (helium) flow rate of ca. 50 ml/min. Samples were chromatographed isothermally at 800 and again at 160?C, with one replicate each, through glass injector and detector ports set at 2250C. Identification of peaks was based on retention times, compared with those of commercially available standards or with extracts from other crucifers known to produce a single major glucosinolate (Kjaer 1960) . In questionable cases sample and suspected isothiocyanate (commercial or derived from a known plant source) were mixed and chromatographed, and complete overlap of the peaks, with proportionately increased area, was assumed to indicate identity of the compound. The GC procedure herein described detects only volatile hydrolysis products; specifically, oxazolidinethiones and co-methylsulfinylalkyl and co-methylsulfonylalkyl isothiocyanates are not volatilized under the conditions employed. In order to analyse these, as well as to corroborate identifications of the volatile constituents of a sample, each extract after GC was reacted with ethanolic ammonia to produce a solution of (potential) thioureas and oxazolidinethiones, and this solution was analyzed by PC as described above.
For volatilized constituents analyzed by GC, peak areas on a gas chromatogram provide an estimate of relative amounts within a sample. In tables 3 and 4 the peak area for a particular compound is expressed as a percentage of total peak area for all compounds detected on chromatograms of that sample run under equivalent operating conditions. The limit of detection for the column employed here, measured with commercially obtained allyl isothiocyanate, was found to be 0.01 mM in a 1 ,l injection. No attempt was made to determine absolute quantities of glucosinolates in the seed samples; consequently, the estimates of relative amounts were not corrected for differential detector response. In calculating average proportions of volatile constituents for multi-sampled species, peak-area percentages were first arcsine-transformed, then means, standard deviations, and coefficients of variation were computed (Sokal and Rohlf 1969) . For non-volatilized hydrolysis products analyzed by PC, proportions were judged on the basis of relative size and color intensity of spots.
For taxometric clustering of the chromatographic data, Parks' (1970) Q-mode program was used (see Rodman 1980 for an application of this program to glucosinolate profile data). This employs a Euclidean distance coefficient and clusters by the unweighted pair-group method (Sneath and Sokal 1973:228) . Each taxon was represented by one exemplar profile (the operational taxonomic unit, OTU), either by the one collection available or by the most diverse profile in the case of multisampled taxa. Each OTU was coded for 27 characters, these being the 27 compounds detected in the survey. For compounds quantified by GC, percentage peak area was recorded as the character state; for those detected only by PC, either a minor (1) or a major (2) state was coded. Characters were not weighted for the distance computation; hence, trace components count equally with major constituents. Streptanthus batrachopus and S. hesperidis were not included in the cluster analysis because GCderived data were not available; S. spars fiorus, also analyzed by PC only, was coded as 100% 3-butenylglucosinolate. For the intraspecifically variable taxa, only one exemplar profile was coded, the most diverse one, with the exception of S. cordatus and S. polygaloides, for which profiles representing two chemical morphs in each species were recorded.
RESULTS AND DISCUSSION
All collections of all taxa investigated yielded glucosinolate hydrolysis products, and seed samples as small as 0.15 g provided data on kinds and proportions of constituent compounds (i.e., on the chemical profile of a sample). Table 2 lists the 26 compounds identified on the basis of PC and GC data from the taxa surveyed thus far. All these compounds have been found in other Cruciferae although some appear to be rare (e.g., 2-methylbutylglucosinolate: Kjaer 1960) . The 27th compound, unknown "C," found in Streptanthus coulteri, gave PC mobility values near those of the thiourea derivative from p-rhamnopyranosyloxybenzyl isothiocyanate; the unknown may be a chemical homologue of this compound, examples of which are rare in Cruciferae but apparently common in Moringaceae (Kjaer et al. 1979 ). Negative results from tests for thiocyanate ion suggest that p-hydroxybenzylglucosinolate or other phenolic or indolic glucosinolates are absent from seeds of these plants. It cannot be ruled out, however, that they are present in concentrations below the threshold of detection by the methods employed here (cf. Grob and Matile 1980; Olsen and Sorensen 1980) . Table 2 also presents a code to biosynthetic aspects of each compound, determined from the following considerations. Glucosinolates are biosynthesized from protein amino acids, either directly or after these have undergone carbon-chain extensions, one methylene carbon at a time, to produce the skeleton of the aglucone moiety of the molecule; in either case the carboxyl carbon is replaced by the thioglucose moiety (Kjaer and Larsen 1973, 1976; Underhill et al. 1973; Underhill 1980) . Biosynthesis from precursor amino acids involves ca. 10-15 enzymatic steps (Chew and Rodman 1979) . For each identified glucosinolate listed in table 2, a Roman numeral corresponds to the protein amino acid likely to function as the precursor, whether known from studies on other plants (e.g., isopropylglucosinolate from valine: Tapper and Butler 1967) or presumed on the basis of structural analogy (e.g., isobutylglucosinolate from leucine). An Arabic numeral signifies the number of carbon-chain TABLE 2. Glucosinolate hydrolysis products from seeds of the Streptanthus complex, determined by gas (GC) and paper (PC) chromatography with a code to protein amino acids likely serving as glucosinolate precursors. R = variable side-group of the glucosinolate anion and of the corresponding isothiocyanate released by myrosinase hydrolysis (see fig. 1 for formulas). Hydrolysis products determined by GC are listed in order of retention times; products determined by PC are listed in order of mobility relative to phenylthiourea standard, Rph, in the designated solvent system (see Rodman 1978 for complete matrix of Rph values). 'Protein amino acid presumed to serve as biosynthetic precursor: I = valine, II = methionine, III = isoleucine, IV = leucine, V = phenylalanine, plus (+) number of carbon-chain extension steps required to produce the skeleton of the particular glucosinolate (see text for details). 2Analyzed by GC as the isothiocyanate and confirmed by PC of the corresponding thiourea derivative (RNHCSNH2) in up to five different solvent systems. 3Analyzed by GC as the isothiocyanate but not distinguishable by PC from compound #3. 4Mobility in "toluene-acetic" system (Rodman 1978) . 5Analyzed by PC as the oxazolidinethione (see fig. 1 ). 6Mobility in "butanol" system (Rodman 1978) . 7Analyzed by PC of the thiourea derivative of the corresponding isothiocyanate. 8Rph values of the thiourea derivative are 0.71, 0.33, 0.0, and 0.0 in "butanol," "3-toluene," "chloroform," and "toluene-acetic" PC systems, respectively (Rodman 1974 (Rodman , 1978 extensions (cycles of homologization) required to transform the appropriate protein amino acid into the carbon skeleton of the aglucone moiety. For example, 3-methylthiopropylglucosinolate (compound 8 in table 2) is biosynthesized from homomethionine, which in turn is formed from methionine by one-cycle chain elongation (Chisholm 1972) . Repetition of these enzymatic carbon-chain extensions may lead to arrays of chemically homologous compounds, e.g., compounds 8, 10, 12, and 13 in table 2.
In the context of biosynthetic pathways, chemical profiles can be analyzed into two components, here termed diversity and complexity. Diversity is defined as the number of kinds of compounds constituting that taxon's profile. Complexity is defined as the kinds of protein amino acids required as precursors and the nature of biosynthetic modifications to them, other than the invariant ones required to produce the basic glucosinolate structure, such modifications as carbon-chain extension, hydroxylation, double-bond formation, and oxidation of side-chain sulfur. Two taxa characterized by equal numbers of glucosinolates, hence of equivalent diversity, may differ dramatically in complexity: one may accumulate several constituents each of which is biosynthesized from a different protein amino acid, while the other synthesizes its array starting with a single protein amino acid and modifying the carbon skeleton subsequently in the various ways listed above. Species of the Streptanthus complex as well as other crucifers (Rodman 1976) differ both in diversity and in complexity. These profile parameters are therefore taxonomically significant and are emphasized in the following results. Before taking these up, however, four potentially confounding issues must be considered: (1) effects of amount and age of seeds used in an analysis; (2) integrity of seed glucosinolate profiles under cultivation; (3) consistency of results, including variance in quantitative estimates, among different runs of the same sample, hydrolyzed with the same or with different myrosinase preparations; and (4) intraspecific variability.
(1) On the basis of empirical results from the best-sampled species in the survey, Streptanthus breweri and S. tortuosus (table 3), sample amount and age of seeds appear to have negligible effect on glucosinolate analyses. Collections of S. breweri, for example, originated from 1966 to 1978, and samples ranged in weight from 0.16 to 1.24 g, nearly an order of magnitude. Collections of S. tortuosus originated from 1965 to 1980, and samples varied in weight from 0.45 to 2.85 g. Despite these variations, sample profiles within each of the species are strikingly similar, with coefficients of variation for the major constituents of 12-16%. Lack of any significant age effect is further evident in a comparison of results from collections 5979 and 6047 of S. tortuosus (table 3B), samples of which were analyzed by GC in 1971 and again eight years later. Profiles for the volatilized compounds are quite consistent. This holds for all eight collections that were analyzed in 1971 (by Al-Shehbaz) and again in 1979 (by Rodman). (2) Studies of Cakile have shown that seed glucosinolate profiles are stable, genetically determined features, which remain constant under cultivation. While total quantity of glucosinolates may vary, the kinds and proportions of constituents remain similar in comparisons between wild material and cultivated progeny (Rodman 1974 (Rodman , 1980 . The same holds for Streptanthus in the one instance where a test is possible, in S. diversifolius. Greenhouse progeny of collection 6053 exhibited a profile quite similar to that of wild material of collection 5954 (table 4) . Environmental modification of profile features does not appear to be significant.
(3) Consistency of results from different analyses of the same collection, using the same or different myrosinase preparations, was assessed explicitly in only a few cases. With Streptanthus cutleri for example (table  4) , three different seed lots were analyzed on different occasions with a myrosinase prepared in 1979, and with similar results for the isopropyl and 2-butyl compounds constituting that taxon's profile. The coefficients of variation for the two, 0.4% and 7.2% respectively, are below the 8-10% values commonly found in the literature (e.g., Cole 1980; Grob and Matile 1980) . Replicate runs of a sample on the GC may vary by 3-5%. Moreover, collections hydrolyzed with different myrosinase preparations yielded similar profiles. This is evident from the results noted above for collections 5979 and 6047 of S. tortuosus (table 3B) , where a different myrosinase was used in the two sets of analyses. The consistency is quite as good for the other six collections that were analyzed in 1971 and again in 1979.
(4) Intraspecific variability can be evaluated only in multi-sampled taxa, and few cases are available from the present survey results. For the two best-sampled species, Streptanthus breweri and S. tortuosus (table 3) , glucosinolate profiles were found to be very similar among populations. Each species has a characteristic seed glucosinolate profile. Variation in the proportions of major constituents is the same order of magnitude as that calculated for interpopulational samples of Cakile (Rodman 1980 (Rodman , 1981 . For most of the species of the Streptanthus complex, for which two or more collections were analyzed, characteristic chemical profiles were found. This holds for S. amplexicaulis, S. arizonicus, S. barbatus, S. barbiger, S. breweri, S. heterophyllus, S. inflatus, S. insignis, S. major, S. morrisonii, S. pilosus, and S. tortuosus. In six species, however, significant variation among collections was encountered (S. campestris, S. cordatus, S. coulteri, S. diversifolius, S. glandulosus, and S. polygaloides); these are discussed below. The judgment that even single-collection analyses may be taxonomically useful rests on experience with other well-sampled genera like Cakile and Thelypodium, for which it has been discovered empirically that most species are invariant for their major seed glucosinolates (Al-Shehbaz 1973; Rodman 1974 Rodman , 1976 . Table 4 presents seed glucosinolate profiles for 40 species of the Streptanthus complex, listed according to the provisional synopsis in table 1. Sampling was extensive in four of the five recognized subgenera; for subg. Streptanthus, however, only five of the 11 species are represented. The survey results permit an evaluation of the extent to which glucosinolate profiles are characteristic of individual species and distinctive among them, and allow an assessment of diversity and complexity in this group of plants. As noted above, in 12 of the 18 species for which two or more collections were analyzed, characteristic profiles were found. Variation in profile constituents is comparable in general to that detected in S. breweri and S. tortuosus (table 3) . Members of all five subgenera are among these 12 chemically homogeneous species, and they include taxa with low-diversity profiles (usually less than five compounds, e.g., S. arizonicus, S. barbatus, S. inflatus, and S. insignis) as well as those with higher diversity (usually more than five compounds, e.g., S. amplexicaulis, S. breweri, S. major, S. morrisonii, S. pilosus, and S. tortuosus). The variability observed within such species usually involves compounds present in small or trace amounts; these are likely to be the most variable because they occur in quantities near the limits of detection by the methods employed here. In other cases, intraspecific variability may reflect small genetic differences. For example, profiles of the three collections of S. major are dominated by 3-butenylglucosinolate; however, Nevada collection W and T78-329 is distinguished by significant amounts of 2-hydroxy-3-butenylglucosinolate, not detected in the two California collections. Studies in Brassica (Josefsson 1971) and Reseda (Underhill and Kirkland 1972) suggest that hydroxylation requires a single-step enzymatic conversion of a non-hydroxylated glucosinolate to its corresponding hydroxy analogue. The occurrence of 2-hydroxy-3-butenylglucosinolate in Nevada S. major may signify, therefore, a relatively minor enzymatic and genetic difference. Likewise in S. barbiger, variability in the proportions of 4-pentenyl and 4-methylthiobutyl glucosinolates may reflect small genetic differences. Alkenyl and corresponding methylthioalkyl compounds are closely linked biosynthetically, differing perhaps by a single enzymatic step (Josefsson 1971) . In S. barbiger, therefore, variability in proportions of these two compounds may involve only slight genetic differences.
In six species, as noted above, significant intraspecific variability was uncovered. No single pattern of variability predominates. In Streptanthus coulteri, differences between collections involve the occurrence and proportions of unknown C and of hydroxylated compounds biosynthesized from three different amino acids. In S. polygaloides, differences involve proportions of methylthio-and methylsulfinylalkyl compounds synthesized from a single precursor amino acid (methionine) but varying in the number of carbon-chain extensions; the same holds for S. diversifolius but with additional variation in the occurrence of the uncommon 2-methylbutylglucosinolate. And in S. campestris, S. cordatus, and S. glandulosus, the multiple differences involve several kinds of biosynthetic modification including hydroxylation, carbon-chain extension, and double-bond formation. The presently limited sampling of S. campestris, S. coulteri, S. diversifolius, and S. polygaloides does not indicate any correlation of profile chemistry with infraspecific groupings, nor are geographical clines evi- by GC-followed-by-PC as described in text. c = three separate seed lots analyzed by GC-followed-by-PC with same myrosinase preparations. = analyzed by the comprehensive PC-alone procedure outlined in text. e = analyzed by GC-followed-by-PC, and a second seed lot analyzed separately by the comprehensive PC-alone procedure.
Relative amount by PC of non-volatiles Relative amount by PC of non-volatiles dent. Glucosinolate variation in these species appears to be local and discontinuous. Patterns of variability in S. cordatus and S. glandulosus, however, appear to reflect more than just local populational differentiation. For Streptanthuscodatu s, profile data suggest the existence of chemical races, which correlate in part with morphologically recognized varieties occupying distinct geographical ranges. Collection 6042 from Tehama Co., California, in the northwestern part of the species' range, is var. crassifolius; it is distinguishable on the basis of the very high proportion of 3-methylthiopropylglucosinolate and the absence of 2-butylglucosinolate. Collections 6080 and 6081 from Kern Co., California, are var. pFotensis; their profiles are dominated by the 3-methylthiopropyl compound and are distinct from those of collections 5967 and 6063 of var. cordatus from Inyo Co., which are dominated bwithey recognireti -e lated allylglucosinolate. The sixth collection, W and T78-328 of var. cordatus from Washoe Co., Nevada, in the northeastern part of the species' range, is the most distinctive, with a profile dominated by 4-carbon side chains, and indicates that var. cordatus is itself chemically polymorphic.
For the Streptanthus glandulosus complex, Kruckeberg (1957 Kruckeberg ( , 1958 em- Relative amount by PC of non-volatiles
phasized the very local nature both of morphological differentiation and of serpentine adaptation. The profile results are consistent with this emphasis on local discontinuity, but in addition they suggest a general clinal shift, south to north, in the proportions of major seed glucosinolates. Of the seven collections of the glandulosus complex that were analyzed, collection H95 (subsp. glandulosus) from San Luis Obispo Co., California, is the most southern in origin an.d has a profile dominated by 4-carbon side chains. Collections 6030 and 6592 of subsp. glandulosus from the Mt. Hamilton area of Santa Clara Co. exhibit profiles with a mix of 3-and 4-carbon side chains. In collection 6571 of S. albidus from Santa Clara Co. and 5939 of S. glandulosus subsp. secundus from more northern Marin Co., 4-carbon constituents. are represented only by minor amounts of 2-hydroxy-3-butenylglucosinolate. Finally in collections 5941 (subsp.
pulchellus) and 5942 (S. niger) from Marin Co., 3-carbon side chains predominate to the complete exclusion of 4-carbon ones. Samples were not available from the northernmost populations of the complex. While sparse, the data indicate a shift from 4-carbon side chains in southernmost populations of S. glandulosus to profiles with both 3-and 4-carbon side chains in populations south of San Francisco Bay, to profiles dom-inated by 3-carbon side groups in populations north of the Bay. Segregate members like S. albidus and S. niger resemble chemically those northerly populations of S. glandulosus dominated exclusively or nearly so by 3-carbon side chains. Superimposed on a mosaic of locally differentiated forms in the glandulosus complex, therefore, is a cline in the proportions of major seed glucosinolates. Throughout the five subgenera of the Streptanthus complex, species exhibit distinctive glucosinolate profiles. Distinctions are usually not due to the presence of unique marker compounds. Unique compounds were indeed detected (2-hydroxy-4-pentenyl and 7-methylsulfinylheptyl glucosinolates in S. campestris, unknown C in S. coulteri, 2-methylbutylglucosinolate in S. diversifolius, and 5-methylsulfonylpentylglucosinolate in S. morrisonii), but in every case, presence of the compound was found to be variable within that species. Likewise, a few other compounds are restricted in distribution to a particular section or subgenus (e.g., 2-hydroxy-l-methylethyl and 1-(hydroxymethyl)propyl glucosinolates in subg. Paracaulanthus), but none is consistently present throughout that infrageneric group. In general, species are distinguished by a pattern of occurrence and abundance of a number of profile constituents. To cite an example of species for which multiple samples were analyzed, S. major and S. pilosus of subg. Caulanthus are similar in producing large proportions of 3-butenylglucosinolate, but S. pilosus also accumulates conspicuous amounts of 4-pentenyl and 5-methylsulfinylpentyl glucosinolates, which are negligible or absent in S. major. Even intraspecifically variable taxa may be distinctive. For S. coulteri of subg. Paracaulanthus, any two of the four PC-detected compounds indicated in table 4 would discriminate this species, while the absence of large proportions of isopropylglucosinolate would distinguish it from the otherwise similar S. heterophyllus and S. simulans. Several other examples of interspecific chemical differences could be cited from table 4. Instead, figure 2 summarizes one subset of the data by presenting a phenogram of exemplar profiles for 38 species. The cophenetic correlation coefficient for this phenogram is 0.72. Separation of OTUs, usually by Euclidean distances in the range 0.05-0.50, corroborates the general finding of distinctive glucosinolate profiles throughout the Streptanthus complex. Figure 2 also indicates that not all species are distinguishable by their glucosinolate profiles. One clear example is the pair of multi-sampled serpentine endemics, Streptanthus barbiger and S. breweri of subg. Euclisia sect. Herperides. Table 4 demonstrates that the two are qualitatively and quantitatively very similar in glucosinolate composition. The glandulosus complex provides additional examples of the "decoupling" of chemical and morphological differentiation. Collection 5941 of S. glandulosus subsp. pulchellus and collection 5942 of S. niger have identical profiles, but the two taxa are morphologically distinct and genetically isolated (Kruckeberg 1957 (Kruckeberg , 1958 . Likewise, collection 5939 of S. glandulosus subsp. secundus and 6571 of S. albidus are chemically similar, but the taxa differ morphologically and are genetically incompatible (Kruckeberg 1957 (Kruckeberg , 1958 . These results reinforce the view that selection pressures affecting evolution of glucosinolate characters may be independent of those influencing morphology and reproductive isolation (cf. Rodman 1980) . Figure 2 further demonstrates that the glucosinolate data, treated phenetically, facilitate the delimitation of supraspecific clusters of OTUs. With an arbitrarily chosen distance coefficient of 0.20 as criterion, six major clusters are delimited. While several groups of species considered related on morphological and breeding evidence do cluster together, overall there is little congruence between major clusters and the subgenera listed in table 1. Species of subg. -Streptanthus, for example, cluster in just one group (#5) but are joined by several species from other subgenera. Three species of subg. Paracaulanthus constitute cluster #2 exclusively, but other members of the taxon occur in two other clusters. Species of subgenera Caulanthus and Plie ocardia are scattered in four clusters, and those of subg. Euclisia in five; none of these clusters is constituted exclusively by members of a particular subgenus. The clustering of chemically similar profiles exemplifying species from diverse subgenera suggests that parallelism and convergence have in several instances forged a likeness between otherwise unrelated species in the Streptanthus complex. Consequently, while glucosinolate profiles are demonstrably useful on the species level, their utility at higher ranks is limited by an apparently high incidence of homoplastic similarity.
Finally, several aspects of glucosinolate diversity and biosynthetic complexity correlate, albeit weakly, with subgenera of the Streptanthus complex. Because of variability in these aspects, differences between subgenera are largely of degree, not kind. Subgenus Streptanthus, for example, is characterized by low-diversity profiles (excepting S. hyacinthoides) in which complexity is restricted. Biosynthetic modifications such as hydroxylation, repeated carbon-chain extensions, and sulfur oxidation are limited in expression to a few, usually minor profile constituents. Because subg. Streptanthus was the most sparsely sampled, the low diversity may prove to be an artifact. Clearly, more sampling would be desirable to confirm and extend the results presented here. Subgenera Caulanthus and Paracaulanthus are the most variable. Diversity ranges from low in a few species (e.g., S. californicus and S. inflatus) to high generally, and biosynthetic complexity is correspondingly great. Indeed, derivatives of all five precursor amino acids constitute the profile of collection 6070 of S. glaucus (table 4) . Leucine-derived isobutylglucosinolate is found only in these two subgenera, but in only one species in each and only as a minor component. A weak majority of the species (seven of 13) exhibit profiles dominated by methionine-derived 4-carbon side chains (3-butenyl, 2-hydroxy-3-butenyl, 4-methylthiobutyl, and 4-methylsulfinylbutyl glucosinolates). Repeated carbon-chain extensions mark several species' profiles, including those of S. campestris and S. cooperi in which compounds requiring four and five cycles of homologization occur. Hydroxylated compounds are richly represented in several species, but they occur sporadically in species in the other three subgenera as well. For subgenera Euclisia and Pleiocardia, diversity is generally high, and without exception, profiles are dominated by methionine-derived compounds. The sections are variable for the number of carbon-chain extensions required to produce the dominant profile constituents except for subg. Euclisia sect. Insignes. Profiles of the three species sampled (S. callistus was not available for analysis) are dominated by biosynthetically related 3-carbon side chains exclusively (allyl, 3-methylthiopropyl, and 3-methylsulfinylpropyl glucosinolates; cf. Chisholm 1972) . Hydroxylated compounds occur sporadically in a few species of subg. Pleiocardia sect. Cordati and subg. Euclisia sects. Insignes and Pulchelli. It should be possible with selective weighting of chemical characters to emphasize certain of the biosynthetic features mentioned here, like side-chain length and functional group, and such weighting may result in clustering together phylogenetically related species that otherwise appear chemically disparate. Further taxometric and cladistic studies on these lines are in progress (Crovello, Hauser, and Rodman, in prep.) . Nonetheless, perfect congruence of profile chemistry with phylogenetic classification of these plants is unlikely because of suspected parallelism and convergence in glucosinolate characters.
CONCLUSIONS
Our objective was to describe new characters in order to test and improve classification of the Streptanthus complex. Specific taxonomic comments have been made throughout the results and discussion, but it is not our intention to render taxonomic judgment solely on the basis of the chemical profiles. Integration of the glucosinolate data with results from morphological studies and from extensive crossing experiments is underway and will be the subject of a subsequent paper (Crovello, Kruckeberg, and Rodman, in prep.) . Nonetheless, the present results are broad enough in their coverage to establish or confirm several general points.
(1) Species of the Streptanthus complex are rich sources of seed glucosinolates. The number of compounds identified (26) is larger than that known for Cakile (Rodman 1974 (Rodman , 1976 , Capparis (Gaind et al. 1975) , Thelypodium (Al-Shehbaz 1973), or Tropaeolum (Kjaer et al. 1978 ) and larger even than that for the intensively investigated brassicas (Josefsson 1970; VanEtten et al. 1976; Daxenbichler et al. 1979; Heaney and Fenwick 1980; Olsen and Sorensen 1980) . In conjunction with data on the genus Thelypodium (Al-Shehbaz 1973), profiles are now known for a majority of species in the tribe Thelypodieae, and the results indicate that seed glucosinolates of primitive crucifers are diverse and biosynthetically complex. Evolution of derived crucifers may have been accompanied by restriction in biosynthetic complexity as seems likely with seed glucosinolates in Cakile (cf. Rodman 1976) . Further chemotaxonomic studies should delineate possible trends of specialization and elaboration in derived Cruciferae. Grob and Matile (1980) identified 30 different glucosinolates in horseradish roots (Armoracia lapathifolia) by employing an extremely sensitive capillary-GC method, specially adapted to cold on-column injection of samples, and combined with mass-spectrometry of eluted hydrolysis products. Most of the compounds were present at concentrations one to two orders of magnitude below those that are detectable with the methods employed here. Grob and Matile's startling results suggest, as they point out, that all crucifers may possess the enzymatic machinery (and more fundamentally, the genetic information) necessary for biosynthesizing the full array of known glucosinolates, and that additional regulatory controls, operating cellularly and ultimately genetically, determine the patterns of accumulation of profile constituents observed to characterize particular plants and taxa. If generalizable, Grob and Matile's results imply that crucifer taxa differ fundamentally not in presence/absence or in number of glucosinolates but rather in quantitative relationships (proportions) of profile components. Whether regulatory controls affecting these patterns of accumulation operate differentially along different phyletic lines within the Cruciferae remains to be determined.
(2) There is considerable variability in chemical profiles in the Streptanthus complex, and this variability is not random. In general, multisarnpled species were found to exhibit characteristic glucosinolate profiles, and morphologically similar congeners could be distinguished on the basis of profile features. The results suggest that glucosinolate analyses can provide useful characters in biosystematic studies of population and species differentiation in these plants. Glucosinolate characters may prove especially valuable in the analysis of hybrid populations (cf. Rodman 1980), for example of S. arizonicus and S. carinatus (Kruckeberg, unpublished) .
(3) Apparent parallelism and convergence limit the utility of glucosinolate profiles as taxonomic characters above the species level. While trends in biosynthetic complexity have been noted, no chemical features were found to be diagnostic for any of the subgenera. Glucosinolate characters provide no evidence resolving the problem of generic status for Caulanthus and Streptanthus. Indeed, many of the same compounds and even similar profiles are found in the related Thelypodium (Al-Shehbaz 1973) . Like such morphological characters as petal shape, cotyledon position, and silique orientation, the glucosinolate chemistry suggests a complex series of parallel developments in several lineages, rather than a neat separation into distinct supraspecific groups.
(4) A final point applies to the ecology of glucosinolate-producing taxa in the Streptanthus complex. Adaptation to serpentine soils, which is facultative in some species (e.g., S. glandulosus) and obligate in others (e.g., S. barbiger and S. breweri: Kruckeberg 1951), does not appear to correlate with any aspect of glucosinolate composition. Diversity and complexity are equivalent among the serpentine and non-serpentine collections of the glandulosus complex, for example (see table 4). In subg. Euclisia as a whole, with its many serpentine endemics, diversity and complexity of profiles are comparable to that found in the non-serpentine collections of subg. Pleiocardia, and within the latter, serpentine and non-serpentine samples exhibit comparable profiles (table 4). Whether biotype depletion or "insular" differentiation are factors in the origin of serpentine races (Kruckeberg 1951; Reeves et al. 1981) , neither mechanism appears to have affected differentially the seed glucosinolate profiles of these plants.
